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1. INTRODUCTION {#brb31453-sec-0005}
===============

Fine particulate matter (PM2.5) pollution, a common type of ambient air pollution, has increased globally in recent years, especially in developing countries, and poses a substantial public health challenge (Cohen et al., [2017](#brb31453-bib-0012){ref-type="ref"}). PM2.5 can cause functional and pathological damage to the human body by penetrating the respiratory tract and blood and even entering the brain through the blood--brain barrier (Bondy, [2011](#brb31453-bib-0005){ref-type="ref"}). PM2.5 exposure increases the risk of neurological diseases, including neurodegenerative disorders, stroke, and benign brain tumors (Andersen et al., [2018](#brb31453-bib-0003){ref-type="ref"}; Calderón‐Garcidueñas & de la Monte, [2017](#brb31453-bib-0006){ref-type="ref"}; Fu, Guo, Cheung, & Yung, [2019](#brb31453-bib-0017){ref-type="ref"}). There is growing concern about the detrimental effects of PM2.5 on neurodevelopment, because the immature brain is more susceptible to PM2.5‐induced neurotoxicity than the mature brain is (Calderón‐Garcidueñas, González‐Maciel, et al., [2018](#brb31453-bib-0007){ref-type="ref"}; Ning et al., [2018](#brb31453-bib-0035){ref-type="ref"}). Further, a marked association between PM2.5 exposure and reduction in working memory has been found in children aged 7--10 years (Alvarez‐Pedrerol et al., [2017](#brb31453-bib-0002){ref-type="ref"}), and early postnatal exposure to PM2.5 induced autism spectrum disorder in children and animals (Li et al., [2018](#brb31453-bib-0028){ref-type="ref"}; Talbott et al., [2015](#brb31453-bib-0045){ref-type="ref"}), possibly due to neuroinflammation, neurotransmitter disruption, and metabolite alteration (Allen et al., [2014](#brb31453-bib-0001){ref-type="ref"}; Li et al., [2018](#brb31453-bib-0028){ref-type="ref"}; Ning et al., [2018](#brb31453-bib-0035){ref-type="ref"}). However, the exact mechanisms underlying PM2.5‐induced neurodevelopmental disorders have not been elucidated.

Synaptic plasticity in the hippocampus is essential to emotional and memory processes and is susceptible to environmental toxicants (Zhao et al., [2018](#brb31453-bib-0051){ref-type="ref"}; Vasilescu et al., [2017](#brb31453-bib-0046){ref-type="ref"}). Synaptic plasticity includes changes in the efficacy of synaptic transmission at preexisting synapses and structural plasticity---a term refers to structural changes through formation, modification, and elimination of existing synapses (Morris, Clark, Zinn, & Vissel, [2013](#brb31453-bib-0034){ref-type="ref"}). Postsynaptic density‐95 (PSD95), growth associated protein‐43 (GAP43), and synaptophysin (SYP) are often used as synaptic associated markers that represent structural plasticity (Ma et al., [2014](#brb31453-bib-0032){ref-type="ref"}). Structural plasticity is affected by many neuromodulatory factors, and brain‐derived neurotrophic factor (BDNF) is the most important neuronal protective factor and can enhance synaptic efficiency and structural plasticity effectively as a prime mediator of synaptic plasticity (Leal, Bramham, & Duarte, [2017](#brb31453-bib-0027){ref-type="ref"}; Lin, Kavalali, & Monteggia, [2018](#brb31453-bib-0029){ref-type="ref"}). The expression of BDNF is regulated by the second messenger cAMP response element binding protein (CREB). To be specific, phosphorylated CREB (p‐CREB), the active form of CREB, could increase BDNF expression to exert biological effects (Zhong et al., [2018](#brb31453-bib-0052){ref-type="ref"}).

In this study, we aimed to improve the current understanding of PM2.5‐induced neurodevelopmental defects. We established a rat model of early postnatal PM2.5 exposure, in which we evaluated emotional and cognitive behaviors, analyzed structural synaptic plasticity, and measured the hippocampal expression of BDNF, p‐CREB, and CREB proteins. The neurotoxic effects of early postnatal PM2.5 exposure were compared in immature and mature rats.

2. MATERIALS AND METHODS {#brb31453-sec-0006}
========================

2.1. PM2.5 sampling and processing {#brb31453-sec-0007}
----------------------------------

An ambient PM2.5 sample was collected onto quartz fibers (10 × 10 cm) with the use of a Thermo Anderson G‐2.5 air sampler (Model GV 2630 Series) from December 2017 to April 2018 in a busy street near Children\'s Hospital of Chongqing Medical University, based on a previous protocol (Cao et al., [2015](#brb31453-bib-0010){ref-type="ref"}). After sonicated and dried using a Thermo Scientific Power Dry LL3000 vacuum‐freeze dryer, the particles were extracted from these fibers and were stored at −20°C. Before use, these particles were weighed and diluted with 0.9% sterilized saline to the concentration of 2 and 10 mg/ml.

The daily respiratory volume of rats reaches 0.23 m^3^ (Li et al., [2018](#brb31453-bib-0028){ref-type="ref"}). According to the average annual concentrations of PM2.5 (180 µg/m^3^) in Beijing (Gao et al., [2018](#brb31453-bib-0018){ref-type="ref"}) and the measured concentration of PM2.5 (900 µg/m^3^) in some monitoring points in urban area during serious haze period (Long, Hong, & Sun, [2015](#brb31453-bib-0030){ref-type="ref"}), the equivalent dose of PM2.5 exposure would be 41.4 and 207 µg/day. Considering the body weight of neonatal rats, the PM2.5 exposure dose would be approximately 2 and 10 µg/g.b.w. We used 2 mg/kg.b.w. as a low‐dose group to exposure the actual effect of PM2.5 pollution on neurodevelopment, and chose 10 mg/kg.b.w. as a high‐dose group to study the possible neurotoxic effects of PM2.5 exposure.

2.2. Animals and treatments {#brb31453-sec-0008}
---------------------------

Sprague Dawley (SD) rats (230--250 g) were purchased from the Experimental Animal Center of Chongqing Medical University (Chongqing, China). All rats used in this study were kept under specific pathogen‐free conditions (12‐hr light/12‐hr dark cycle with humidity of 55 ± 5% at 25 ± 1°C) and had free access to enough food and water. Before breeding, they were acclimated to the housing room for 7 days. When vaginal plugs were found, each pregnant rat was allowed to stay in one cage for natural delivery.

To eliminate litter‐specific effects, we adjusted the litters to eight pups (males, *n* = 4; females, *n* = 4) per dam on postnatal day (PND) 2. Then we divided randomly pups in one litter into four groups: normal blank control (control), saline exposed (saline), low dose, and high dose. There were 20 male pups and 20 female pups in each group. From PND3 to PND15, a vital neurodevelopmental period, all pups in each group were taken out to the operating room, and pups in saline and experimental groups were administered saline or two doses of PM2.5 suspension (0.1 ml/100 g.b.w.), respectively, by intranasal instillation, once per day. On PND21, the pups were weaned and housed by sex (*n* = 4/cage), and 20 rats (10 males, 10 females) in each group were chosen randomly for further examination on PND28 or PND60 separately. Moreover, animal body weights were recorded from PND3 to PND15, PND28, and PND60 respectively.

Behavioral experiments were performed using immature (28‐day‐old) and mature (60‐day‐old) rats to evaluate anxiety‐like symptoms (elevated plus maze \[EPM\]), depressive‐like behaviors (forced swimming \[FS\]), and learning and memory abilities (Morris water maze \[MWM\]; Figure [1](#brb31453-fig-0001){ref-type="fig"}). After adaption to behavioral test room for 3 days, 40 immature rats (five males, five females per group) and 40 mature rats (five males, five females per group) were, respectively, allowed to tested by behavioral assessments between 8:00 a.m. and 4:00 p.m. To exclude potential effects of successive behavioral tests on the synaptic ultrastructure and neuroproteins, the rats (*n* = 10 per group), not undergoing behavioral training, were sacrificed under deep anesthesia with 50 mg/kg sodium pentobarbital on PND28 or PND60, and hippocampus samples from three male immature rats and three male mature rats were prepared for transmission electron microscope observation and hippocampus tissues from six immature (two males, four females) and six mature rats (two males, four females) were collected for western blot analysis separately.

![Illustration of the experimental timeline. EPM, elevated plus maze; FS, forced swimming; MWM, Morris water maze](BRB3-9-e01453-g001){#brb31453-fig-0001}

2.3. Elevated plus maze {#brb31453-sec-0009}
-----------------------

The EPM was consisted of two closed arms (50 × 10 × 40 cm), two open arms (50 × 10 cm), and a central platform (10 × 10 cm). Rats were placed in the center platform facing the open arm and were allowed to stay in the maze for 10 min. Between tests, the maze was thoroughly cleaned with 70% ethanol to prevent odor interference. This test is based on the natural conflict between the tendency of rats to avoid an illuminated and elevated surface (open arm), and the tendency to explore new environments. The number of entries and the length of time spent in the open and closed arms were recorded using the ANY‐Maze video tracking system (Stoelting) for 10 min. Anxiety was assessed as both the percentages of time spent in open arms and the percentages of number of entries into them, shown in the previous study (Yue et al., [2017](#brb31453-bib-0049){ref-type="ref"}).

2.4. Forced swimming {#brb31453-sec-0010}
--------------------

Rats were individually placed into a transparent cylinder (diameter 20 cm, height 60 cm) containing warm water (25 ± 1°C), and we set 40 cm as the water depth to prevent rats from supporting their body with their tails or hind limbs. Based on the previous study (Han et al., [2018](#brb31453-bib-0019){ref-type="ref"}), on the first day, the rats were placed into the cylinder for 5 min of adaptation, and the water in the cylinder was changed between tests. After 24 hr, the procedure was repeated for 10 min, and the session was videotaped for subsequent analysis. Immobility during this test indicated a state of despair in which the rats have learned that escape was impossible and resigned themselves to the experimental conditions and was defined as floating without struggling or performing necessary movements to keep the head above the water. The latency to immobility and the immobile time were recorded with the use of the ANY‐Maze video tracking system (Stoelting).

2.5. Morris water maze {#brb31453-sec-0011}
----------------------

The MWM apparatus was a circular fiberglass pool (150 cm diameter), artificially divided into four quadrants (N, E, S, and W). And the black platform (14 cm diameter) of the pool was submerged in the opaque and warm (25 ± 1°C) water. According to the procedures described previously (Song et al., [2019](#brb31453-bib-0044){ref-type="ref"}), on the first day, the animals were placed into the pool for 60 s to adapt to the maze. From the second day to sixth day, the acquisition test was conducted: each rat was trained in four trials per day for five successive days; during each trial, the rats were placed into the pool at one of the four quadrants and were allowed to swim freely until they found the submerged, hidden goal platform, where they remained for 3 s. If rats failed to find the platform within 1 min, they were guided to it by a stick, and stayed there for 15 s. The escape latency was recorded by the ANY‐Maze video tracking system. The probe trial was conducted on the seventh day, the platform was removed, and rats were placed in the pool for 60 s. The mean numbers of crossing the platform and the mean time spent in the target quadrant in which the platform was previously located were recorded by the ANY‐Maze video tracking system (Stoelting).

2.6. Transmission electron microscopy observation {#brb31453-sec-0012}
-------------------------------------------------

The male rats (*n* = 3/group) were cardiac‐perfused with 2.5% glutaraldehyde in 0.2 M phosphate‐buffered saline (PBS). And hippocampi were separated from cerebrum, then based on the anatomical structure of the hippocampus, tissue samples (1 × 1 × 1 mm) were rapidly cut from the CA1 region of hippocampi under an anatomical microscope, fixed in 4% glutaraldehyde for 2 days at 4℃. Next, the hippocampus tissues were put in 1% osmium tetroxide in 0.1 M PBS for 2 hr to postfix, in graded ethanol to dehydrate, and then, in beam capsules to embed. The embedded tissues were cut into 70‐nm‐thick sections which were collected onto grids to air dry overnight. Finally, the grids were stained with uranyl acetate for 30 min and lead citrate for 10 min and observed under a transmission electron microscope (JEM‐1400PLUS). To analyze the synaptic ultrastructure, including synapse number, length of active zone (AZ), thickness of postsynaptic density (PSD), and width of synaptic cleft, six fields of vision were chosen based on a systematic random sampling principle and photographed at a transmission electron microscopy (TEM) magnification of 10,000× or 40,000×. Finally, synapse number, AZ length, PSD thickness, and cleft width were measured using ImageJ software.

2.7. Western blot analysis {#brb31453-sec-0013}
--------------------------

The hippocampi of rats were rapidly collected and stored in liquid nitrogen immediately. The protein concentration was tested using a Pierce bicinchoninic acid (BCA) protein assay kit (Thermo scientific). Samples containing 40 μg of total protein were separated in 10%--15% sodium dodecyl sulfate (SDS)‐polyacrylamide gels and then transferred to polyvinylidene difluoride (PVDF) membranes (0.22 μm; Millipore Corp). The membranes were blocked in TBST containing 5% nonfat dry milk for 90 min and incubated with the following primary antibodies overnight at 4°C: anti‐PSD95 (goat monoclonal antibody; Abcam, 1:2,000), anti‐SYP (rabbit monoclonal antibody; Abcam, 1:2,000), anti‐GAP43 (rabbit monoclonal antibody; Abcam, 1:2,000), anti‐BDNF (rabbit monoclonal antibody; Abcam, 1:2,000), anti‐p‐CREB (phosphor S133, rabbit monoclonal antibody; Abcam, 1:5,000), anti‐CREB (rabbit monoclonal antibody; Abcam, 1:2,000), and anti‐β‐actin antibody (1:500, mouse monoclonal antibody; Boster, 1:500). On the next day, the membranes were incubated with the corresponding secondary antibody (anti‐goat/rabbit/mouse IgG; ZSGB‐BIO, 1:5,000) for 90 min at room temperature. After using clarity western electrochemiluminescence (ECL) substrate (Bio‐Rad), protein bands were visualized in the Bio‐Rad Imager. The intensities of the protein bands were analyzed by densitometry using Syngene imaging systems.

2.8. Statistical analysis {#brb31453-sec-0014}
-------------------------

Statistical analysis was performed using SPSS 17.0 statistical software. Body weight on PND28 and PND60, EPM, FS, MWM (probe trial), TEM, and densitometric western blot data were analyzed using one‐way analysis of variance (ANOVA) followed by the Bonferroni post hoc test. Body weight data from PND3 to PND15 and the data of the acquisition trials in MWM test were analyzed by two‐way repeated measures ANOVA (day × group) with the Bonferroni post hoc test. Moreover, MWM (acquisition trials) data and body weight data at each time point were analyzed using multivariate ANOVA. All data were presented as means ± *SEM*. Differences were considered significant if *p* \< .05.

2.9. Ethics statement {#brb31453-sec-0015}
---------------------

All procedures were approved by the Animal Care Committee of Chongqing Medical University and performed according with Chongqing Science and Technology Commission guidelines for animal research. Ethical license number was SYXK2017‐0012.

3. RESULTS {#brb31453-sec-0016}
==========

3.1. Weight testing {#brb31453-sec-0017}
-------------------

Forty rats in each group were weighed from PND3 to PND15, and 20 rats were weighed on PND28 and PND60. The results indicated the body weight gained constantly among four groups from PND3 to PND15 (time main effects: *F*(12, 1,872) = 46,693.75, *p* \< .0001; Figure [2](#brb31453-fig-0002){ref-type="fig"}a), but the increase in body weight in four groups at different time points differ significantly (interaction effects: *F*(36, 1,872) = 15.36, *p* \< .0001; Figure [2](#brb31453-fig-0002){ref-type="fig"}a). According to the results of multivariate ANOVA, body weights were similar among the saline group and two doses groups at the beginning of the experiments (PND3‐PND10), and the average weight in the high‐dose group was significantly lower than that in the saline group from PND11 to PND15 on PND28 (day11: *F*(3, 156) = 5.794, *p* = .0009; day12: *F*(3, 156) = 7.782, *p* \< .0001; day13: *F*(3, 156) = 9.663, *p* \< .0001; day14: *F*(3, 156) = 12.82, *p* \< .0001; day15: *F*(3, 156) = 15.26, *p* \< .0001; day28: *F*(3, 76) = 10.03, *p* \< .0001; Figure [2](#brb31453-fig-0002){ref-type="fig"}a,b). However, no significant difference in weight was found among four groups on PND60 (*F*(3, 76) = 0.1527, *p* = .9277; Figure [2](#brb31453-fig-0002){ref-type="fig"}c). There were no significant differences in body weight among the control, saline, and low‐dose groups.

![Effects of exposure to low and high doses (2 and 10 mg/kg) of PM2.5 on body weight. (a) Line graphs showing the body weight from PND3 to PND15 (*n* = 40). \**p* \< .05 high‐dose group compared with saline group at the same time point, \*\*\**p* \< .0001 high‐dose group compared with saline group at the same time point. (b) Bar graphs showing the body weight on PND28 and (c) the body weight on PND60 (*n* = 20). \*\*\**p* \< .0001 compared with saline group](BRB3-9-e01453-g002){#brb31453-fig-0002}

3.2. Effect of low and high doses of PM2.5 on anxiety‐ and depressive‐like behaviors in immature and mature rats {#brb31453-sec-0018}
----------------------------------------------------------------------------------------------------------------

To study the effect of PM2.5 on anxiety‐like behavior in immature and mature rats, we conducted the EPM test. In immature rats, the low‐ and high‐dose groups showed a significantly lower percentage of number of entries into the open arms compared to the saline group (*F*(3, 36) = 5.999, *p* = .0020; Figure [3](#brb31453-fig-0003){ref-type="fig"}a), indicating that exposure to two doses of PM2.5 could lead to anxiety‐like symptom in immature rats. No significant difference in the percentage of time spent in open areas (*F*(3, 36) = 1.233, *p* = .3119; Figure [3](#brb31453-fig-0003){ref-type="fig"}b) was found among the saline, low‐dose group, and high‐dose group. In mature rats, the percentages of number of entries into open arms (*F*(3, 36) = 3.473, *p* = .0259; Figure [3](#brb31453-fig-0003){ref-type="fig"}a) and time spent in open areas (*F*(3, 36) = 6.114, *p* = .0018; Figure [3](#brb31453-fig-0003){ref-type="fig"}b) were significantly lower in the high‐dose group than in saline group, indicating apparent anxiety‐like behaviors in the mature rats of the high‐dose group. There was no significant difference in the percentage of number of entries into open arms and percentages of time spent in open areas between saline and low‐dose group.

![Effects of exposure to low and high doses (2 and 10 mg/kg) of PM2.5 on anxiety‐ and depressive‐like behaviors in immature and mature rats. (a) Bar graphs showing the percentage of entries into open arms during the elevated plus maze (EPM) test; (b) percentage of time spent in open arms in the EPM test; (c) latency to immobility in the forced swimming (FS) test; (d) time spent immobile during the forced swimming test. \**p* \< .05 compared with saline group. *n* = 10 per group](BRB3-9-e01453-g003){#brb31453-fig-0003}

We subsequently conducted FS tests to determine whether PM2.5 exposure contributed to depressive‐like behavior in immature and mature rats. In the immature rats, there were no significant differences in the latency to immobility (*F*(3, 36) = 0.7648, *p* = .5213; Figure [3](#brb31453-fig-0003){ref-type="fig"}c) and immobility time (*F*(3, 36) = 0.2506, *p* = .8604; Figure [3](#brb31453-fig-0003){ref-type="fig"}d) among the four groups. However, mature rats of the high‐dose group showed depressive‐like symptoms, indicated by sharply decreased latency to immobility compared with controls (*F*(3, 36) = 3.820, *p* = .0179; Figure [3](#brb31453-fig-0003){ref-type="fig"}c). The length of immobile time showed no significant difference among the four groups (*F*(3, 36) = 0.4441, *p* = .7230; Figure [3](#brb31453-fig-0003){ref-type="fig"}d).

3.3. Effects of low and high doses of PM2.5 on spatial learning and memory in immature and mature rats {#brb31453-sec-0019}
------------------------------------------------------------------------------------------------------

We evaluated the effect of PM2.5 on spatial learning and memory in immature and mature rats by using the MWM test. The acquisition trial results showed that the escape latency of training rats decreased as training days increased (time main effects: for immature rats, *F*(4, 144) = 23.99, *p* \< .0001; for mature rats, *F*(4, 144) = 21.12, *p* \< .0001; Figure [4](#brb31453-fig-0004){ref-type="fig"}a,b), indicating that rats in each group had learning abilities. And no significant interaction between groups and days was found (interaction effects: for immature rats, *F*(12, 144) = 0.87, *p* = .5786; for mature rats, *F*(12, 144) = 0.32, *p* = .9843), suggesting that the differences among groups were dependent on the treatment. Specifically, for immature rats, the escape latency during the first 3 days of spatial training didn\'t differ among the four groups. However, the escape latency was much longer in the high‐dose group than in the saline group on training days 4 and 5 (day4: *F*(3, 36) = 4.638, *p* = .008; day5: *F*(3, 36) = 3.812 *p* = .018; Figure [4](#brb31453-fig-0004){ref-type="fig"}a), suggesting that exposure to high doses of PM2.5 could impair spatial learning in immature rats. No significant differences were found in the escape latency of mature rats among the various groups during 5 days of spatial training.

![Effects of exposure to low and high doses (2 and 10 mg/kg) of PM2.5 on spatial learning and memory in immature and mature rats determined using the Morris water maze test. (a) Line graph (left) showing the escape latency of immature rats in the acquisition trial for each training day. (b) Line graph (right) showing the escape latency of mature rats during the acquisition trial for five consecutive days. \**p* \< .05 high‐dose group compared with saline group at the same time point, \*\**p* \< .01 high‐dose group compared with saline group at the same time point. (c) Bar graphs showing the number of entries into the platform zone, and (d) time spent in the target quadrants during the probe test. \**p* \< .05 compared with saline group. *n* = 10 per group](BRB3-9-e01453-g004){#brb31453-fig-0004}

To assess spatial memory retrieval, a probe test was performed 24 hr after the last training day. The results showed the number of entries into the platform zone was lower in the high‐dose group than in the saline group (*F*(3, 36) = 4.092, *p* = .0134; Figure [4](#brb31453-fig-0004){ref-type="fig"}c), and the rats of the high‐dose group spent less time in the target quadrant; however, there was no significant difference (*F*(3, 36) = 1.155, *p* = .3404; Figure [4](#brb31453-fig-0004){ref-type="fig"}d), according to the above statistical analysis, spatial memory retrieval of immature rats was impaired after early postnatal exposure to high doses of PM2.5. No significant differences were detected among the four groups in the performance of mature rats in the probe test, although the high‐dose and low‐dose groups showed fewer entries into the platform zone (*F*(3, 36) = 0.9234, *p* = .4393; Figure [4](#brb31453-fig-0004){ref-type="fig"}c) and shorter time in the target quadrant *F*(3, 36) = 1.139, *p* = .3464; Figure [4](#brb31453-fig-0004){ref-type="fig"}d) than the controls, suggesting spatial memory ability of mature rats in each group didn\'t differ.

3.4. Effect of low and high doses of PM2.5 on hippocampal synaptic ultrastructure in immature and mature rats {#brb31453-sec-0020}
-------------------------------------------------------------------------------------------------------------

Samples obtained from immature and mature rats were used to examine the synaptic ultrastructure in the CA1 region of the hippocampus by TEM. As shown in Figure [5](#brb31453-fig-0005){ref-type="fig"}a--d, the changes in synaptic ultrastructure of immature and mature rats showed the same trend. The number of synapses was much lower in the high‐dose groups than in the saline groups (immature rats: *F*(3, 20) = 7.992, *p* = .0011; mature rats: *F*(3, 20) = 4.201, *p* = .0185; Figure [5](#brb31453-fig-0005){ref-type="fig"}e). Moreover, the thickness of PSD (immature rats: *F*(3, 20) = 12.91, *p* \< .0001; mature rats: *F*(3, 20) = 8.807, *p* = .0006; Figure [5](#brb31453-fig-0005){ref-type="fig"}f) and length of AZ (immature rats: *F*(3, 20) = 4.554, *p* = .0137; mature rats: *F*(3, 20) = 4.089, *p* = .0204; Figure [5](#brb31453-fig-0005){ref-type="fig"}g) were decreased in the high‐dose group compared to the saline group, while the synaptic cleft width remained unchanged (immature rats: *F*(3, 20) = 2.016, *p* = .1440; mature rats: *F*(3, 20) = 0.4878, *p* = .6946; Figure [5](#brb31453-fig-0005){ref-type="fig"}h). However, statistical analysis did not show any significant differences in synaptic ultrastructure among the control, saline, and low‐dose groups.

![Effects of exposure to low and high doses (2 and 10 mg/kg) of PM2.5 on synaptic ultrastructure in the hippocampal CA1 region in immature and mature rats observed using transmission electron microscopy. (a--b) Representative images (×10,000) showing the difference in the number of synapses in the four groups in immature and mature rats. (Red arrows indicate a synapse), scale bars = 2 μm; (c--d) representative images (×40,000) showing the differences in micro‐ultrastructure of synapses in the four groups in immature and mature rats. (the areas enclosed by the red box were amplified to delineate the synapses clearly), scale bars = 500 nm; (e--h) data analysis of synapse number, PSD thickness, AZ length, and cleft width. \**p* \< .05 compared with saline group, \*\**p* \< .01 compared with saline group, \*\*\**p* \< .001 compared with saline group](BRB3-9-e01453-g005){#brb31453-fig-0005}

3.5. Effect of low and high doses of PM2.5 on hippocampal synaptic protein expression in immature and mature rats {#brb31453-sec-0021}
-----------------------------------------------------------------------------------------------------------------

The expression of the synaptic proteins PSD95, GAP43, and SYP in the hippocampal specimens were studied using western blot analysis (Figure [6](#brb31453-fig-0006){ref-type="fig"}a). PSD95 protein expression decreased dramatically in immature rats after exposure to high and low doses of PM2.5 (*F*(3, 20) = 12.44, *p* \< .0001; Figure [6](#brb31453-fig-0006){ref-type="fig"}b). In mature rats, the level of PSD95 was lower only in the high‐dose group, compared with the saline group (*F*(3, 20) = 5.001, *p* = .0095; Figure [6](#brb31453-fig-0006){ref-type="fig"}b). Moreover, when compared with saline group, lower GAP43 expression was observed in the high‐dose group on PND28 (*F*(3, 20) = 6.935, *p* = .0022; Figure [6](#brb31453-fig-0006){ref-type="fig"}c), but not on PND60 (*F*(3, 20) = 2.321, *p* = .1061; Figure [6](#brb31453-fig-0006){ref-type="fig"}c). In addition, the high‐dose groups, but not the low‐dose groups showed a significant decrease in the level of SYP expression, compared with controls, in immature (*F*(3, 20) = 9.100, *p* = .0005; Figure [6](#brb31453-fig-0006){ref-type="fig"}d) and mature rats (*F*(3, 20) = 4.760, *p* = .0116; Figure [6](#brb31453-fig-0006){ref-type="fig"}d).

![Western blot analysis showing the effects of exposure to low and high doses (2 and 10 mg/kg) of PM2.5 on hippocampal synaptic protein expression in immature and mature rats. (a) Representative immunoblots for the expression levels of PSD‐95, GAP43, and SYP in the hippocampi of immature and mature rats. Ctl, control group; High, high‐dose group; Low, low‐dose group; NS, saline group. (b--d) Quantification of PSD‐95, GAP43, and SYP normalized to β‐actin, respectively. \**p* \< .05 compared with saline group, \*\**p* \< .01 compared with saline group, \*\*\**p* \< .001 compared with saline group. *n* = 6 per group](BRB3-9-e01453-g006){#brb31453-fig-0006}

3.6. Effects of low and high doses of PM2.5 on hippocampal BDNF expression and CREB activation in immature and mature rats {#brb31453-sec-0022}
--------------------------------------------------------------------------------------------------------------------------

To determine whether the CREB/BDNF pathway is involved in PM2.5‐induced neurotoxicity, the expression levels of the BDNF, p‐CREB, and CREB proteins in the hippocampus were detected by western blot analysis (Figure [7](#brb31453-fig-0007){ref-type="fig"}a). High‐dose PM2.5 exposure significantly down‐regulated the BDNF levels in immature (*F*(3, 20) = 12.98, *p* \< .0001; Figure [7](#brb31453-fig-0007){ref-type="fig"}b) and mature rats (*F*(3, 20) = 5.142, *p* = .0085; Figure [7](#brb31453-fig-0007){ref-type="fig"}b), and low‐dose PM2.5 exposure decreased BDNF expression in immature rats but not in mature rats. The level of phosphorylation of CREB was much lower in the high‐dose group than in the saline group on PND28 (*F*(3, 20) = 14.68, *p* \< .0001; Figure [7](#brb31453-fig-0007){ref-type="fig"}c) and PND60 (*F*(3, 20) = 4.699, *p* = .0122; Figure [7](#brb31453-fig-0007){ref-type="fig"}c). There was a significant difference in the level of phosphorylation of CREB protein between the low‐dose and saline groups of immature but not mature rats.

![Western blot results showing effects of exposure to low and high doses (2 and 10 mg/kg) of PM2.5 on hippocampal cAMP response element binding protein (CREB) and brain‐derived neurotrophic factor (BDNF) protein expression in immature and mature rats. (a) Representative images showing the expression levels of p‐CREB, CREB, and BDNF proteins in the hippocampus of immature and mature rats. Ctl, control group; High, high‐dose group; Low, low‐dose group; NS, saline group. (b--c) Quantitative analyses of CREB phosphorylation and BDNF expression level in each group. \**p* \< .05 compared with saline group, \*\**p* \< .01 compared with saline group, \*\*\**p* \< .001 compared with saline group. *n* = 6 per group](BRB3-9-e01453-g007){#brb31453-fig-0007}

4. DISCUSSION {#brb31453-sec-0023}
=============

Exposure to environmental toxicants during early periods of development could exert permanently deleterious effects on neurobiological and behavioral outcome (Heyer & Meredith, [2017](#brb31453-bib-0020){ref-type="ref"}). The PND15 rat brain is similar to the brain of a 1‐year‐old child, a PND28 rat brain is similar to the brain of a 2‐year‐old child, and a PND60 rat brain is similar to the brains of sexually mature humans (Jiang, Duong, & Lanerolle, [1999](#brb31453-bib-0023){ref-type="ref"}),; therefore, we analyzed PM2.5 neurotoxicity in immature (PND28) and mature rats (PND60) to determine the short‐ and long‐term effects of early postnatal PM2.5 exposure on CNS development. PM2.5 is currently a ubiquitous environmental pollutant, produced mainly by road traffic and industrial activities, and consists of diverse chemicals, including elemental carbon, minerals, metals, organic compounds, and biological compounds (Kim, Kabir, & Kabir, [2015](#brb31453-bib-0024){ref-type="ref"}). PM2.5 has been linked to elevated risk of respiratory and cardiovascular disease, neurological disorders, and reproductive function impairments (Calderón‐Garcidueñas, Leray, Heydarpour, Torres‐Jardón, & Reis, [2016](#brb31453-bib-0008){ref-type="ref"}; Sinharay et al., [2018](#brb31453-bib-0043){ref-type="ref"}; Xue & Zhu, [2018](#brb31453-bib-0048){ref-type="ref"}). Further, PM2.5 exposure during early life leads to developmental disorders. A meta‐analysis revealed low birth weight was positively associated with maternal exposure to PM2.5 pollution (Dadvand et al., [2013](#brb31453-bib-0013){ref-type="ref"}), and Dang et al. ([2018](#brb31453-bib-0014){ref-type="ref"}) found PM2.5 exposure during entire pregnancy significantly declined the birth weights of offspring rats. However, the effects of PM2.5 exposure during the early postnatal period on body weight remain poorly understood. In the present study, we observed a reduction in weight gain as PM2.5 exposure time increased, until PND28. This result suggests that persistent and serious PM2.5 pollution could hinder physical growth of children, and the relative mechanisms need further research.

Fonken et al. ([2011](#brb31453-bib-0016){ref-type="ref"}) reported that depressive‐like responses, but not anxiety‐like responses increased in male mice exposed to PM2.5 during adulthood, relative to control mice. Kulas et al. ([2018](#brb31453-bib-0026){ref-type="ref"}) found that PM2.5 perinatal exposure in mice did not cause anxiety‐like behavior in male offspring. Our results suggested that PM2.5 exposure increased anxiety‐like behaviors in immature and mature rats, as shown by a lower percentage of number of entries into open arms or decreased percentage of time spent in open arms. Mature rats displayed depressive‐like symptoms after perinatal exposure to PM2.5, as reflected by shorter latency to immobility during the FS test. Since immobility time, an important index of depressive‐like state, was unchanged significantly in each group, tail suspension test or sucrose preference test would be conducted to reconfirm this PM2.5‐induced behavioral alteration in further study. Taken together, these discrepancies between different studies could be due to differences in PM2.5 exposure time and dosage. Moreover, evidences have shown exposure to PM2.5 in adulthood is an important risk factor for depression and anxiety symptoms in old adults and pregnant women (Pun, Manjourides, & Suh, [2019](#brb31453-bib-0038){ref-type="ref"}; Sheffield et al., [2018](#brb31453-bib-0041){ref-type="ref"}). However, the relationship between early postnatal exposure to PM2.5 and anxiety or depression phenotype in children and adults remains unknown at present; our findings provide experimental basis for relative epidemiological investigation.

PM2.5 exposure decreased improvements in cognitive development in children and caused deterioration of spatial learning and memory in young mice (Ning et al., [2018](#brb31453-bib-0035){ref-type="ref"}). Our data indicated that early PM2.5 exposure significantly increased the latency to find the platform and decreased the number of entries into the platform zone in immature rats during the MWM test, indicating that PM2.5 induced a deficit of learning and memory in young rats, and this finding is consistent with previous observations showing that PM2.5 exposure decreased improvements in cognitive development in children (Alvarez‐Pedrerol et al., [2017](#brb31453-bib-0002){ref-type="ref"}). Considering the detrimental effects of PM2.5 exposure on cognitive function in adults (Salinas‐Rodríguez et al., [2018](#brb31453-bib-0039){ref-type="ref"}), we speculated PM2.5 exposure during any period of life could be a harmful environmental factor for human and animal cognition. Our data also showed the negative effect of PM2.5 on spatial learning and memory in mature rats was absent, suggesting after a long period of separation from PM2.5 exposure, cognitive abilities may be restored to some extent. Overall, PM2.5 could impair cognitive and neuropsychiatric development. Sex‐based differences in our model should be further studied, since some behavioral defects were dependent on sex in other disease model (McCarthy, [2016](#brb31453-bib-0033){ref-type="ref"}; de Melo, David Antoniazzi, Hossain, & Kolb, [2018](#brb31453-bib-0015){ref-type="ref"}), although we selected the exposure group randomly to match the quantity and sex ratio of the control group.

To elucidate the possible relationship between PM2.5 exposure and neurodevelopment, we exposed rats to PM2.5 from PND3 to PND15, which is a critical period of synaptogenesis and plasticity (Jensen, [2009](#brb31453-bib-0022){ref-type="ref"}). Structural plasticity, including synaptic formation, ultrastructure, and changes in synaptic associated protein, plays a crucial role in cognitive and emotional development, and defects in structural plasticity could cause neuropsychiatric illnesses, cognitive decline, and neurodegenerative disease (Huntley, [2012](#brb31453-bib-0021){ref-type="ref"}; Phillips & Pozzo‐Miller, [2015](#brb31453-bib-0037){ref-type="ref"}). PSD95 is the most important scaffold protein on the postsynaptic membrane and is a marker of dendrite branching and remodeling. GAP43 is closely related to axonal growth and is a vital factor for synapse formation. SYP is a presynaptic vesicle protein and is often used to represent synaptic density (Ma et al., [2014](#brb31453-bib-0032){ref-type="ref"}; Shi et al., [2018](#brb31453-bib-0042){ref-type="ref"}). Reports on the influence of PM2.5 exposure on structural synaptic plasticity remain contradictory and insufficient. Kulas et al. ([2018](#brb31453-bib-0026){ref-type="ref"}) found that prenatal exposure to PM2.5 in mice led to elevated SYP expression and unchanged PSD95 expression in the hippocampus of male offspring. Zhang et al. ([2018](#brb31453-bib-0050){ref-type="ref"}) reported that prenatal PM2.5 exposure in mice decreased postsynaptic densities of membranes and the number of synaptic vesicles in the cerebral cortex of offspring, and an in vitro study suggested that PM2.5 exposure reduced PSD95 expression in cortical neurons (Chen, Li, & Sang, [2017](#brb31453-bib-0011){ref-type="ref"}). These results suggested that PM2.5 exposure during early life might change synaptic structural plasticity. The CA1 region is a key part of hippocampus and is vulnerable to ischemia, hypoxia, seizure and other insults (Ou & Weber, [2018](#brb31453-bib-0036){ref-type="ref"}), and myelin changes in neurons in the CA1 area, not in the dentate gyrus region, were discovered in adult mice after exposure to traffic‐related air pollution for 10 weeks (Woodward et al., [2017](#brb31453-bib-0047){ref-type="ref"}), so CA1 region, as representative hippocampal area, was selected for synaptic ultrastructure examination by TEM.

We observed impaired synaptic ultrastructure in the hippocampal CA1 area of PM2.5‐exposed immature and mature rats, as demonstrated by smaller number of synapses, thinner PSD, and shorter AZ. Further, PM2.5 exposure induced a significant decrease in the levels of SYP, GAP43, and PSD95 in immature rats, showing that the deleterious effect of PM2.5 on synaptic structure was closely related to the diminished expression of SYP, GAP43, and PSD95. Early postnatal exposure to PM2.5 reduced the expression of SYP and PSD95 in mature rats, suggesting what impairment of structural plasticity in mature rats could be alleviated to a certain extent compared to that in immature rats. Our data revealed that early postnatal PM2.5 exposure could induce long‐term damage to structural plasticity, characterized by synaptic loss and impaired synaptic ultrastructure, which implied PM2.5 exposure may contribute to poor abilities of neurons to deal with the synaptic signaling transmission between the presynaptic and the postsynaptic membranes and cause synaptic dysfunction. In addition, synaptic plasticity is commonly acknowledged to be the vital biological basis of cognition at the cellular level, and damaged hippocampal synaptic plasticity could also participate in the process of anxiety and depression (Bannerman et al., [2014](#brb31453-bib-0004){ref-type="ref"}; Lu et al., [2019](#brb31453-bib-0031){ref-type="ref"}). From the current results, we considered that the decreasing of structural plasticity appears to be a possible mechanism of emotional disorder and spatial learning and memory deficits induced by early PM2.5 exposure. However, considering the inconsistency between reduced structural plasticity and normal spatial learning and memory in mature rats, recognition memory and working memory need to be evaluated by novel object recognition test and rewarded T‐maze alternation test to verify the effect of early postnatal PM2.5 exposure on cognitive ability in mature rats.

The mechanism underlying the toxic effects of PM2.5 exposure on synaptic development remains unclear. BDNF is essential to brain signaling and synaptic plasticity and triggers various signaling pathways, including the mitogen‐activated protein kinase (MAPK), phosphoinositide 3‐kinase (PI3K), and phospholipase C‐γ (PLC‐γ) pathways to regulate synaptic structure and function (Kowiański et al., [2018](#brb31453-bib-0025){ref-type="ref"}). BDNF concentrations in cerebrospinal fluid were lower in children exposed to PM2.5 pollution than in normal children (Calderón‐Garcidueñas, Mukherjee, et al., [2018](#brb31453-bib-0009){ref-type="ref"}). The inactive form of CREB seems to bind BDNF promoter, after which CREB phosphorylation recruits transcription factor components to the promoter and initiates gene transcription of BDNF. p‐CREB is therefore a vital upstream factor of BDNF expression (Sasi, Vignoli, Canossa, & Blum, [2017](#brb31453-bib-0040){ref-type="ref"}). We measured the levels of BDNF expression and CREB phosphorylation to elucidate the possible molecular mechanism and found that early postnatal exposure of PM2.5 reduced BDNF expression levels in the hippocampus in immature and mature rats. Consistent with these changes in BDNF expression, p‐CREB protein levels were significantly lower in immature and mature PM2.5‐exposed rats. Our data suggested that the down‐regulated CREB/BDNF signaling pathway in the hippocampus could be responsible for PM2.5‐induced disruption of synaptic development, and further study is needed to identify other essential molecules involved in the CREB/BDNF signaling pathway and explore the relationships between PM2.5 exposure and such molecules by using specific signal pathway inhibitors in vitro. The illustration of the molecular mechanism by which PM2.5 exposure damages neurodevelopment may provide more selectable strategies for better cognitive and neuropsychiatric outcomes in children exposed to serious PM2.5 pollution in the future.

A dose‐dependent trend was observed between PM2.5 exposure and its neurotoxic effects. Compared with control groups, the high‐dose PM2.5 groups of immature and mature rats exhibited apparent behavioral defects, but the low‐dose PM2.5 group of immature rats only showed significant anxiety‐like symptoms. Synaptic structural plasticity damage and disrupted CREB/BDNF signaling pathway in immature rats in low‐ and high‐dose PM2.5 groups showed a gradual increase in statistically significant differences, indicating that the toxicity of PM2.5 increases with the increase of the dose. In adulthood, after the cessation of PM2.5 exposure for 45 days, the neuro‐impairments were detected in the high‐dose group, but were alleviated in the low‐dose group, suggesting that self‐repair mechanisms may exist following PM2.5‐induced injury in the hippocampus. Mechanisms of neuroprotection against PM2.5 exposure require further investigation. Overall, the present study provides basic evidence for better understanding the neurotoxic effects of PM2.5 on immature and mature brains.

5. CONCLUSION {#brb31453-sec-0024}
=============

In summary, the present study demonstrated that early postnatal PM2.5 exposure could affect weight gain of immature rats and impair emotional and cognitive development by damaging synaptic structural plasticity and down‐regulating the CREB/BDNF signaling pathway. The neurotoxic effects of PM2.5 appeared to be dose‐dependent; high‐dose PM2.5 exposure would exert significant and persistent influences on neurodevelopment. Future investigations are warranted to explore deep molecular mechanisms involved in PM2.5 neurotoxicity.
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